Neuroimaging of brain diseases plays a crucial role in understanding brain abnormalities and early diagnosis. Of great importance is the study of brain abnormalities in utero and the assessment of deviations in case of maldevelopment. In this work, brain magnetic resonance images from 23 isolated non-severe ventriculomegaly (INSVM) fetuses and 25 healthy controls between 26 and 29 gestational weeks were used to identify INSVMrelated cortical folding deviations from normative development. Since these alterations may reflect abnormal neurodevelopment, our working hypothesis is that markers of cortical folding can provide cues to improve the prediction of later neurodevelopmental problems in INSVM subjects. We analyzed the relationship of ventricular enlargement with cortical folding alterations in a regional basis using several curvature-based measures describing the folding of each cortical region. Statistical analysis (global and hemispheric) and sparse linear regression approaches were then used to find the cortical regions whose folding is associated with ventricular dilation. Results from both approaches were in great accordance, showing a significant cortical folding decrease in the insula, posterior part of the temporal lobe and occipital lobe. Moreover, compared to the global analysis, stronger ipsilateral associations of ventricular enlargement with reduced cortical folding were encountered by the hemispheric analysis. Our findings confirm and extend previous studies by identifying various cortical regions and emphasizing ipsilateral effects of ventricular enlargement in altered folding. This suggests that INSVM is an indicator of altered cortical development, and moreover, cortical regions with reduced folding constitute potential prognostic biomarkers to be used in follow-up studies to decipher the outcome of INSVM fetuses.
Introduction
Cortical folding is a major developmental process the human brain embarks on during the intrauterine period to acquire its highly gyrencephalic adult morphology. In early gestation, the cortex is a smooth sheet that becomes intensively convoluted following an ordered sequence of sulcogyral formation, with primary and secondary sulci obeying stable spatio-temporal patterns, while more irregular patterns govern the emergence of tertiary sulci. These cortical convolutions are intrinsically related to the functional organization of the cortex. Consequently, alterations in the degree and pattern of cortical folding might have a profound impact on brain function (Fernández et al., 2016) . In adults, several studies have revealed associations of altered folding with functional disabilities in a wide spectrum of disorders such as schizophrenia (Jou et al., 2005) and attention-deficit/hyperactivity disorder (Wolosin et al., 2009 ). These functional disturbances might involve early cortical folding malformations and manifest in adulthood as symptomatic consequences of said maldevelopment (Wolosin et al., 2009; Batty et al., 2015; Rehn and Rees, 2005; Powell, 2010) .
Since gyrification commences early in pregnancy, gestation constitutes a vulnerable period for cortical folding, where prenatal diagnosis of cerebral abnormalities is of paramount importance. In the fetus, ventriculomegaly (VM) is the most frequent abnormal finding in prenatal ultrasound examination and occurs in around 1% of fetuses (Salomon et al., 2007; Huisman et al., 2012) . Fetal VM is a condition in which the lateral ventricles are dilated, and is defined as an atrial diameter of ≥10 mm of one or both lateral ventricles at any gestational age (GA) from 14 weeks onwards (Cardoza et al., 1988) , being 6-8 mm the width in normal fetuses. These measurements remain stable in the second and third trimesters (ISUOG Guidelines, 2007) . In case of ventricular enlargement, an atrial diameter in the range of 10-15 mm constitutes non-severe VM, while a measurement larger than 15 mm refers to severe VM. Non-severe VM is further classified into mild (10-12 mm) and moderate (12-15 mm) . In case of no other anomalies, it is called isolated VM.
Though studies have found associations of ventricular enlargement with attention-deficit/hyperactivity disorder (Lyoo et al., 1996) and schizophrenia (Wright et al., 2000; Vita et al., 2000) , the implications of fetal VM in such disorders remain largely unclear due to scarce longterm follow-up studies and the appearance of confounding factors during development. Nevertheless, isolated non-severe ventriculomegaly (INSVM)-associated neurodevelopmental deficits have been observed in neonates and infants (Sadan et al., 2007; Leitner et al., 2009; Gómez-Arriaga et al., 2012) . When VM is diagnosed, postnatal prognosis is highly dependent on the presence of other abnormalities and the degree of ventricular dilation (Griffiths et al., 2010) . There is a high risk of poor neurodevelopmental outcome when other abnormalities are diagnosed and/or the ventricles are severely dilated. However, INSVM fetuses are not so prone to have neurodevelopmental problems (Melchiorre et al., 2009; Griffiths et al., 2010) , and the ones that will have unfavorable outcome cannot be characterized solely by the atrial diameter (Beeghly et al., 2010) . With altered cortical folding found in fetuses with INSVM (Scott et al., 2013) , the assessment of cortical folding can play an important role in prognosis reliability (Li et al., 2011) .
Although ultrasound is the most used imaging modality for evaluating pregnancies, VM is a common indication for fetal magnetic resonance imaging (MRI) (Rutherford, 2001) . Indeed, MRI of the in vivo fetal brain has recently attracted increasing attention from the neuroscientific community and is becoming an important tool in the study of in utero brain development (Benkarim et al., 2017; Studholme and Rousseau, 2014) . There are several works in the literature that use 3D MRI to investigate the intrauterine cerebral growth in healthy populations (Habas et al., 2012; Clouchoux et al., 2012; Wright et al., 2014 Wright et al., , 2015 . These neuroimaging studies attempt to identify and set the normative morphological and functional changes the fetal brain undergoes during its maturational course. On the other hand, neuroimaging of diseased brains provides the means to find disease-specific deviations from the aforementioned normative development and the discovery of stable biomarkers that accurately discriminate such diseases. Using 3D reconstructed MRI, isolated VM has been previously studied in Scott et al. (2013) and Kyriakopoulou et al. (2014) . Scott et al. (2013) analyzed volumetric and cortical folding differences between 16 cases and 16 controls in the age range of 22-25.5 gestational weeks (GWs). Volumetric analysis was carried out by Kyriakopoulou et al. (2014) in 60 controls and 65 cases within the GA range of 22-38 weeks. Among their findings, Kyriakopoulou et al. (2014) showed increased cortical volume in fetuses with VM, and Scott et al. (2013) found reduced cortical folding in both hemispheres, although in a narrow area near the parieto-occipital sulcus.
In this work, 3D reconstructed fetal brain MR images were used to investigate the relationship of INSVM with alterations in gyrification between a cohort of 25 healthy controls and 23 INSVM fetuses within the age range of 26-29 GWs. There are no studies that investigated cortical folding under VM in the third trimester of gestation. During this period, numerous cortical landmarks are prominently developed in the normal fetal brain (e.g., superior temporal sulcus and calcarine fissure) (Clouchoux et al., 2012) , which allow susceptible deviations in gyrification to be reliably detected. Cortical folding was quantified using several curvature-based folding measures (e.g., mean curvature, shape index and curvedness). These descriptors offer a different perspective into intrauterine neurodevelopment than brain volumetry. Curvedness, for instance, was shown to provide different information and be more accurate in the prediction of GA than brain volume (Hu et al., 2013; Wu et al., 2015) . With several descriptors we can, furthermore, capture different shape characteristics of the cortex. Positive and negative versions of some folding measures (e.g., positive and negative mean curvature) were further incorporated to respectively account for folding confined in gyral and sulcal areas, which affords a separate inspection of cortical folding. The cortex was parcellated in several regions to study cortical folding differences in a regional basis. Statistical analysis and sparse regression approaches were adopted to analyze folding differences related to ventricular enlargement and identify cortical regions with altered folding. The present study seeks to add to previous studies by providing insights into the gyrification alterations potentially associated with INSVM at mid-third trimester of gestation (where the majority of primary sulci are formed), assessing the relationship from different methodological approaches, and characterizing the implication of ventricular enlargement laterality in cortical alterations.
Materials and methods

Subjects
For our study, we included 25 healthy controls and 23 subjects diagnosed with INSVM from a larger prospective cohort of 81 subjects within a research project on congenital isolated VM. INSVM was defined as unilateral or bilateral ventricular width between 10 and 14.9 mm. All fetuses were from singleton pregnancies and met the inclusion criteria of having no abnormal karyotype, infections or malformations with risk of abnormal neurodevelopment. Approval was obtained for the study protocol from the Ethics Committee of the Hospital Clínic in Barcelona -Spain (HCB/2014/0484) and all patients gave written informed consent. Fetal MRI was performed between 26 and 29 GWs. Pregnancies were dated according to the firsttrimester crown-rump length measurements (Robinson and Fleming, 1975) . Table 1 presents the number of subjects and mean GA per cohort, with INSVM cases grouped by left, right or bilateral ventricular enlargement.
MRI acquisition and reconstruction
T2-weighted MR imaging was performed on a 1.5-T scanner (SIEMENS MAGNETOM Aera syngo MR D13; Munich, Germany) with a 8-channel body coil. All images were acquired without sedation and following the American college of radiology guidelines for pregnancy and lactation. Half Fourier acquisition single shot turbo spin echo (HASTE) sequences were used with the following parameters: echo time of 82 ms, repetition time of 1500 ms, number of averaging = 1, 2.5 mm of slice thickness, 280 × 280 mm field of view and voxel size of 0.5 × 0.5 × 2.5 mm 3 . For each subject, multiple orthogonal acquisitions were performed: 4 axial, 2 coronal and 2 sagittal stacks. Final 3D motion-corrected reconstructions were obtained from these 8 stacks of thick 2D slices. Brain location and extraction from 2D slices was carried out in an automatic manner using the approach proposed by Keraudren et al. (2014) , followed by high-resolution 3D volume reconstruction Benkarim et al. NeuroImage: Clinical 18 (2018) 103-114 using the method presented in Murgasova et al. (2012) . Fig. 1 shows an example of 2 raw acquisitions and the final reconstructed volume.
Tissue segmentation
Reconstructed MR images were segmented with the method proposed in Sanroma et al. (2016) into white matter (WM), cortex, cerebrospinal fluid (CSF), ventricles, cerebellum and brainstem. Briefly, this is an ensemble method that learns the optimal spatial combination of a set of base methods. It is based on the hypothesis that different segmentation methods complement each other in different regions of the brain. As base segmentation methods we used joint label fusion (Wang et al., 2013) and Atropos (Avants et al., 2011) , which were then spatially combined as proposed by Sanroma et al. (2016) . Segmentations for 4 subjects, manually delineated by an expert, were used as atlases for the segmentation method. Fig. 2 displays an example of a reconstructed brain MRI and its corresponding automatic labeling.
Cortical surface extraction
To study gyrification, the inner cortical surface was chosen instead of the outer surface since the interface between WM and cortex is more stable and less prone to segmentation errors due to partial volume effects than the cortex-CSF interface. The WM binary masks were smoothed using a 2 mm full width at half-maximum Gaussian kernel and cortical surface meshes for each hemisphere were then reconstructed with the marching cubes algorithm (Lorensen and Cline, 1987) . O.M. Benkarim et al. NeuroImage: Clinical 18 (2018) 103-114 Furthermore, a neonatal atlas with cortical regions (Makropoulos et al., 2014) was used to parcellate each hemisphere into 16 cortical regions. For each fetal brain, a neonatal atlas with a similar age was registered to it using the symmetric diffeomorphic mapping (SyN) proposed by Avants et al. (2008) . Registration was performed based on intensity images and cortical masks extracted from both the fetal brain (based on the initial tissue segmentation) and the neonatal atlas (as a union of all cortical labels based on the segmentations provided by Makropoulos et al. (2014) . In this way, registration is driven to provide a more accurate parcellation of the cortex. Parcellations were then visually inspected and corrected for possible mislabeling. Table 2 lists the different cortical regions and Fig. 3 shows them propagated onto the surface mesh. Cortical parcellations for all subjects are shown in supplementary material.
Regional cortical folding
Gyrification changes related to ventricular enlargement were investigated at both hemispheric and regional levels using a curvaturebased approach. This approach has been previously used to study cortical folding in premature neonates (Rodriguez-Carranza et al., 2008; Shimony et al., 2016) and healthy fetuses (Wright et al., 2014; Wu et al., 2015) . For each fetus, principal curvatures (i.e., k 1 and k 2 ) were computed at each vertex on the inner cortical surface mesh and 15 curvature-based folding measures were derived as described in Rodriguez-Carranza et al. (2008), Shimony et al. (2016) , and Wright et al. (2014) . Several folding measures were used in this work since a single curvature descriptor (e.g., mean curvature) may not be sufficient to fully characterize cortical folding. These measures are summarized in Table 3 .
For each vertex on a surface mesh, 11 local curvature descriptors (see first 11 entries in Table 3 : from MC to NSI) were computed from the principal curvatures, as shown in the third column. Then, folding for a given cortical region was characterized by a weighted average of all points belonging to such region (Eq. (1) in Table 3 ) for each curvature descriptor. These descriptors included MC, which is an extrinsic property of a surface created by distance preserving folding (without distortion), with positive MC values located on gyri and negative values on sulci (Schaer et al., 2008) . For a given cortical region, MC denotes the overall folding of the region, while PMC only focuses on convexity (i.e., positive MC) and NMC on concavity (i.e., negative MC). On the other hand, GC is an intrinsic property of the surface that captures curvature changes created by distortion (Pienaar et al., 2008) . A cortical region is ellipsoidal when the average GC is positive and saddleshaped when negative (Van Essen and Drury, 1997). PGC and NGC summarize surface points with positive and negative GC, respectively. While jointly using the signs of MC and GC allows identifying different shapes, the SI proposed by Koenderink and van Doorn (1992) is able to capture continuous surface shapes ranging from concavity (i.e., −1) to convexity (i.e., +1) (Hu et al., 2013) . PSI and NSI summarize region points located on gyri and sulci, respectively. Complementary to SI, Koenderink and van Doorn (1992) also proposed the CI that quantifies size by the degree of deviation of a surface from a flat plane. We also consider FI, defined as a measure of cylindrical parts of a surface (Van Essen and Drury, 1997) . Four more folding measures were additionally incorporated into the analysis of gyrification (see last 4 entries in Table 3 ). MCL2 and GCL2 are invariant to translation, rotation and scaling, and measure bending of the surface and the amount of surface with constant Gauss curvature, respectively (Batchelor et al., 2002) . MCNR and GCNR are further area independent and quantify gyrification as a ratio of curvatures (Rodriguez-Carranza et al., 2008) .
The contribution of a point in the surface mesh to regional folding measures was weighted by the mean area of all cells sharing this point (w in Table 3 ). For all cortical folding measures used in our analyses, 
Folding index FI
Positive shape index PSI
Mean curvature norm ratio Benkarim et al. NeuroImage: Clinical 18 (2018) 103-114 the higher their values, the more folded is the cortical region, with the exceptions of the negative measures (i.e., NMC, NGC and NSI).
Statistical analysis
The aim of our study is to analyze the effect of INSVM in gyrification. Thus, to test the effect of ventricular enlargement in cortical folding, we used a general linear model (GLM) with 2 versions to characterize the changes in the aforementioned folding measures. The first model, F D , was used to test the effect of diagnosis, as a group factor (0 for control and 1 for INSVM), and GA and supratentorial volume as covariates:
where GW is GA in weeks, DG refers to the diagnosis, and STV represents supratentorial volume. The second model, F V , uses ventricular volume as a covariate instead of diagnosis:
where VV represents ventricular volume. Since the in utero brain becomes continuously more convoluted as growth proceeds, GA was incorporated into both models to control for the effect of age on the analyzed folding measures. Furthermore, curvature-based folding measures depend on brain size (Rodriguez-Carranza et al., 2008) and supratentorial volume (composed of WM, gray matter (GM) and ventricles) was considered as a covariate in both models to account for scaling differences (Shimony et al., 2016) . In the second model, F V , considering ventricular volume rather than diagnosis can improve the accuracy of the model. First, because ventricular volume was found to be more distinctive in the analysis of VM than atrial diameter , and therefore more properly representative of such condition. Second, and most importantly, in fetuses with VM, ventricular dilation is not restricted to the atria (Scott et al., 2013) . Instead of a dichotomous variable carrying information solely about the width of the atrium (in fact, diagnosis only tells us if the atrial width surpasses the threshold of 10 mm or not), ventricular volume is able to capture the extent of enlargement.
Besides examining folding measures at a regional level with the 2 proposed models, we further analyzed the association of lateral ventricular enlargement (using Eq. (3)) per hemisphere instead of the association of total ventricular volume with the whole cortex.
For each cortical region, 15 folding measures were extracted and tested. Results were then considered statistically significant after Bonferroni correction at p < .05/15 ≈ 0.0033.
Sparse linear models for ventricular volume prediction
Regression models with sparsity-inducing regularization, such as the well-known Lasso (Tibshirani, 1994) , are widely used in neuroimaging data analysis for diagnosis prediction and prognostic biomarker discovery (Klöppel et al., 2012; Mwangi et al., 2014; Shimizu et al., 2015) . Furthermore, these approaches are well-suited for high-dimensional data, especially when the number of predictors (i.e., features) greatly exceeds the number of training samples (i.e., subjects). Our purpose is to find the most relevant cortical regions (each region is composed of 15 curvature features) in the prediction of total ventricular volume using sparse regression models. We use Lasso to enforce that the regression model will be sparse and only a portion of the predictor variables will be used in the model. This allows finding the most relevant features for the prediction of ventricular volume. By comparing these results with the ones obtained with GLM, we can draw conclusions about the cortical regions that are related to ventricular enlargement.
In our setting, each subject is represented by a 482-dimensional feature vector with 15 folding measures extracted from each of the 32 cortical regions and 2 additional features corresponding to GA and STV.
Formally, let Y ∈ℝ n denote a vector of total ventricular volume for all n subjects and an n × p design matrix X with the p folding measures from each subject arranged in rows. The Lasso estimator is defined as:
where β ∈ℝ p is a coefficient vector, ⋅ 2 2 is the squared Euclidean norm, λ is the penalization parameter and the second term corresponds to the l 1 -norm. The first term aims at fitting the data (as in conventional regression) and the second term is the regularization for improving generalization, controlled by the λ parameter. A larger λ will force most of the features to be 0 (i.e., not selected).
Lasso is designed for selecting individual variables. In this way, we can indirectly conclude that regions with more selected features are more related to INSVM. However, our purpose is to inspect relevance at region level rather than at measure or variable level. In order to directly extract conclusions about the important regions, we can enforce Lasso to select all or none of the features from a given region. Group Lasso is an extension of Lasso that incorporates such constraint by performing selection on predefined groups of variables rather than individual variables (Yuan and Lin, 2006) . Thus, all 15 folding measures corresponding to a given cortical region are considered as a group in Group Lasso regression. GA and STV are also considered separately as single feature groups. The Group Lasso estimator is defined as:
where L is the number of groups (i.e., 34 groups: 32 cortical regions, one group for GA and another for STV), p l is the number of variables in the l-th group and ∥⋅∥ 2 is the Euclidean norm. When L is equal to the number of variables p, this optimization problem is equivalent to Lasso (Friedman et al., 2010) . The optimal λ values for Lasso and Group Lasso based on leave-oneout cross-validation are used to identify the most relevant cortical regions. In terms of performance in predicting the ventricular volume, it is expected that Lasso would outperform Group Lasso since Group Lasso is more constrained than Lasso in that it is forced to include or drop all measures representing a particular cortical region.
One problem with Lasso and Group Lasso is that selected (i.e., relevant) features can vary depending on the data used to compute the model. To that end, Randomized Lasso (Meinshausen and Bühlmann, 2010) determines the most stable features by randomly selecting the data used to compute the models multiple times. The Randomized Lasso estimator is defined as:
where W j is an independent and identically distributed random variable in [α,1] and α ∈ (0,1] is the weakness parameter that is used to change the value of λ in Eq. (6) to be randomly chosen in the range [λ,λ/α]. For a more detailed description, the reader is referred to the original work of Meinshausen and Bühlmann (2010) . 
Results
Ventricular volume
Statistical analysis
Two types of analyses were conducted to assess the relationship between ventricular enlargement and cortical folding. First, a global analysis, using both F D and F V , was performed to investigate the association of INSVM with cortical folding. Second, a hemispheric analysis was conducted, using the F V model, where the effect of ventricular dilation was studied per hemisphere. In this last analysis, the relationship between ventricular dilation and cortical folding was studied per hemisphere. Therefore, the VV covariate represents the volume of the corresponding lateral ventricle. Table 4 lists the cortical regions where significant differences in cortical folding related to INSVM diagnosis (F D ) or total ventricular enlargement (F V ) were found in at least one of the folding measures analyzed. We found that ventricular volume in Eq. (3) was more sensitive than diagnosis as shown in Table 4 , reaching significance in more folding measures and cortical regions (i.e., occipital and parietal lobes). Moreover, when analyzing ipsilateral associations, ventricular volume showed a stronger effect on the cortical folding in the same hemisphere (see Table 5 ) when compared to the global model using total ventricular volume. In general, the cortical regions most associated with VM were insula, occipital and parietal lobes, and the regions located in the posterior part of the temporal lobe.
As shown in the last column of Table 4 , whole hemispheres were included as single regions to check for global effects. In the whole hemisphere, diagnosis was not associated with any folding measure, while significantly lower values of PMC and MCL2 (all p = .002) associated with ventricular enlargement were found in the right hemisphere, and bilaterally higher values of NGC (left: p = .002, right: p = .001). At a regional basis, significant differences in PMC (left: p < 10 ), among others, were found bilaterally with both F D and F V models in GPApp and MITGpp, with diagnosis and ventricular dilation associated with a decreased cortical folding in all measures reaching significance. In the insula, significant effects of diagnosis were found in NMC (p < .002) and NGC (p < .001) solely in the right hemisphere. Ventricular volume was, however, associated with several folding measures in the right hemisphere and bilaterally with NGC (left: p < .002, right: p < 10 -5
) and FI (both p < .001). Significant changes were also found by both F D and F V in GPAap and LOGFpp, although no curvature measure showed bilateral differences, with the exceptions of GPAap, where MC (both p < .001) and PMC (both p < .001) were bilaterally associated with ventricular enlargement. In association with abnormality, GPAap showed increased curvature. In LOGFpp, we found variable effects depending on the hemisphere and folding measure. Reduced cortical folding in the left SGTpp (i.e., increased NMC and NGC) was only found by the F D . The second model (F V ), however, seemed to be more sensitive since significant folding differences in the occipital and parietal lobes were not detected in the first model (i.e., using diagnosis as factor, F D ). Increasing ventricular volume was significantly associated with bilateral gyrification decrease of the occipital lobe in multiple folding measures (e.g., NMC left: p < .0002, right: p < 10 -4 ). In the parietal lobe, ventricular volume was associated with reduced curvature in the left hemisphere and bilaterally only with PMC (left: p < .0001, right: p = .002).
Note that in this first analysis (using both F D and F V models), we assumed that diagnosis and ventricular enlargement might be associated with gyrification differences over the whole cortical plate, irrespective of its side. That is, the diagnosis used as group factor in F D and the total ventricular volume in F V could not distinguish the laterality. However, since there are cases diagnosed with left, right or bilateral INSVM in our abnormal cohort, we further conducted a second analysis to assess the association of ventricular dilation with reduced cortical 
Table 4
Regions with statistically significant differences in cortical folding associated with diagnosis/ventricular enlargement. Abbreviations: left hemisphere (L), right hemisphere (R), bilateral (B), and hemisphere (Hem). The term before the forward slash indicates statistical significance found using the F D model, while the one after the slash indicates significance when using F V (i.e., F D /F V ). Abbreviations L, R, and B represent that significance is found only in the left, right hemisphere, and bilaterally, respectively. When there is no statistical significance for one model, '-' is used. For example, the entry corresponding to GPAap and MC shows that the effect of diagnosis (i.e. F D model) in the MC folding measure of the right GPAap is statistically significant, whereas it is not in the left GPAap. However, the effect of ventricular dilation (i.e., F V ) in both right and left GPAap is statistically significant. Benkarim et al. NeuroImage: Clinical 18 (2018) 103-114 folding for each hemisphere separately.
GPAap GPApp Ins LOGFpp MITGpp
Results from this second hemispheric analysis are shown in Table 5 . Cortical regions and folding measures statistically associated with ventricular volume show great overlap with the previous analysis using total ventricular volume (i.e., F V ), though it is important to emphasize the differences concerning the insula and whole hemisphere. In this second analysis, lateral ventricular dilation had a significant effect on reduced folding in both insula and whole hemisphere in the majority of curvature measures. Reductions in folding related bilaterally to NMC, PGC, NGC, CI and MCL2 were found in the insula, with increased curvature only observed in MC. Regarding the whole hemispheres, lateral ventricular volume was consistently correlated with reduced folding in all statistically significant curvature measures, with NGC rendering the lowest p-values (left: p < 10 -4 and right: p = .0002).
Some of these measures are shown per hemisphere in Fig. 5 . This suggests that albeit cortical folding might be bilaterally altered in the presence of unilateral ventricular enlargement, ipsilateral association is higher.
Ventricular volume prediction
Sparse linear models were used to predict total ventricular volume and identify the most relevant cortical regions and curvature-based features related to ventricular enlargement. Before regression, all features were scaled to a mean of 0 and a standard deviation of 1. Average mean absolute errors (MAE) using a leave-one-out cross-validation strategy for each value of λ in the range [10 1 ,10
-4 ] are shown in Fig. 6 .
The goal of this experiment is to choose the optimal value for the regularization parameter λ. This is, the optimal amount of regularization (i.e., sparsity) is chosen to be the one that leads to the lowest O.M. Benkarim et al. NeuroImage: Clinical 18 (2018) 103-114 ventricular volume prediction error. We can see that Lasso yields more accurate volume prediction than Group Lasso. Lasso is more free to choose the most relevant features from any cortical region, while Group Lasso is constrained to select groups of features (i.e., a group of features corresponds to a cortical region), except for GA and STV, which are single feature groups. Fig. 7 Fig. 4 ) existing in the abnormal cohort (including left, right and bilateral INSVM). The advantage of using sparse regularization is that most feature coefficients will be driven towards zero and only few relevant features will be selected. However, there may be some instability in the features selected by Lasso since they may vary depending on the data used to compute the model. To further assess the relevance of selected regions, stability selection was considered using Randomized Lasso. After training Lasso and Group Lasso with their respective best λ values on the complete dataset, and running Randomized Lasso, the percentage of features selected was: 6.02% (28 folding measures and STV), 50.21% (240 folding measures representing 16 cortical regions, GA and STV) and 6.02% (28 folding measures and STV) for Lasso, Group Lasso and Randomized Lasso, respectively. This shows that a few folding measures are relevant for predicting ventricular volume, according to the number of features selected by both Lasso and Randomized Lasso. Noteworthy is the fact that STV was selected by all sparse models, whereas GA was relevant for predicting ventricular volume only in Group Lasso.
Although Fig. 4 shows a correlation between ventricular volume and GA, STV appears to better capture this association. This is because STV carries information about GA (p < 10 -12 ) and, most importantly, is highly sensitive to ventricular volume (p < 10 -6 ). Fig. 8 shows the most relevant regions, in terms of number of features selected. It is important to note that MITGpp, GPAap, GPApp, occipital lobe and insula were selected bilaterally by all sparse models, which is in great accordance with our previous statistical analyses. However, in the parietal lobe, that showed significant association with ventricular volume enlargement, no curvature feature was selected by any regression model. This suggests that, although this region is correlated with ventricular enlargement, is not part of the predictive pattern obtained when considering all measures in conjunction. Curvature features selected by Lasso and Randomized Lasso are shown in Fig. 9 . The most recurrent features (selected in more than 3 cortical regions by Lasso or Randomized Lasso) were MC, PMC, GC, SI and PSI. MC and PMC denote extrinsic folding differences between cortices of healthy fetuses and those of the INSVM cohort in the cortical regions were these folding measures were found relevant by our sparse estimators. MC was found relevant in the right insula, for example, which is predominantly more concave in the normal cohort than in INSVM fetuses with larger ventricles (as shown in Fig. 10) . The left GPAap, however, was extrinsically less folded (lower MC) in INSVM subjects. In the right MITGpp, PMC was selected by both Lasso and Randomized Lasso because of its negative correlation with ventricular volume. The gyrus is more prominent in the normal cohort, as clearly illustrated in Fig. 10 . The relevance of GC implies that there exists a difference in intrinsic folding (i.e., with distortion) between both cohorts in regions such as the left occipital lobe (where GC was found relevant). SI was found to be relevant, for example, in the right LOGFap and PSI in left GPAap. O.M. Benkarim et al. NeuroImage: Clinical 18 (2018) 103-114 The former expresses that right LOGFap is, in general, more convex in healthy fetuses, while the latter points out to the existence of a less prominent convexity within the left GPAap. This, however, does not mean that other selected measures were not important. It simply indicates that the most recurrent measures were found to be strongly correlated with ventricular volume in several cortical regions, which emphasizes their predictive power and higher sensitivity over the rest of measures to capture the putative effects of INSVM in such regions. On the other hand, PGC, MCL2 and GCNR were not relevant for any cortical region, which may reflect that when used together with the rest of folding measures, they provided no additional information for our sparse models in the prediction of ventricular volume or were not able to capture folding differences between both cohorts. Despite some differences, results obtained with GLM analyses and sparse regression are concordant.
Discussion
In this work, we studied the association of INSVM with altered cortical folding in utero. Using high-quality 3D reconstructions of fetal brain MR images, inner cortical surfaces were extracted and several folding measures were computed to characterize the curvature and degree of gyrification of each fetal brain. Two different approaches based on statistical analysis and sparse linear regression were employed to identify cortical regions associated with ventricular dilation. In the first approach, we probed the capability of diagnosis or ventricular volume to explain the observed folding measure for each cortical region individually. We also corrected for other covariates (i.e., GA and supratentorial volume) that could affect the relationship to make sure that the differences are only due to diagnosis or ventricular volume. In the second approach, we aimed to find a pattern among the observed regions that is predictive of total ventricular volume. Such pattern is composed of several cortical regions and we considered that a region is relevant if it is included in such pattern. Both approaches offer complementary information since regions are either considered separately or in groups. We conclude that the regions that are significant in the statistical analysis and also selected by the sparse linear models can be considered to play an important role in gyrification in fetuses with INSVM. Both approaches showed evidence of disturbances in cortical folding in the presence of VM. Their results were in great accordance, with reduced folding in insula, MITGpp, GPApp and occipital lobe demonstrating consistent bilateral relationship with increasing ventricular volume.
Alterations in cortical folding
In the statistical analyses, ventricular volume was more sensitive to changes in folding than diagnosis, being able to capture differences in O.M. Benkarim et al. NeuroImage: Clinical 18 (2018) 103-114 additional regions (i.e., occipital and parietal lobes) and in the whole hemisphere. When cortical folding was analyzed separately for each hemisphere, there was an increased number of folding measures that significantly correlated with ventricular volume in the insula and occipital lobe in both hemispheres. This shows stronger associations of altered cortical folding with ipsilateral ventricular enlargement and underlines the importance of using hemispheric analyses. We argue this is because our dataset is composed of INSVM subjects with unilateral and bilateral ventricular dilation, and global analysis is not able to discern the laterality. Although this might suggest stronger ipsilateral effects of ventricular enlargement in cortical folding, a contralateral analysis might reveal interactions across different hemispheres. Cortical regions found relevant by the sparse linear models, emphasizing regions selected by Randomized Lasso, were in great overlap with regions significantly associated with ventricular volume in the statistical analyses, with the important exception of the parietal lobe. Although Randomized Lasso selected new cortical regions (e.g., left: CGpp, ATLmp and LOGFap, right: LOGFap and MITGap), it is worth mentioning that these regions might have been selected to account for the amount of ventricular volume not explained by the regions with reduced folding. Based on 3D reconstructed MR images, Scott et al. (2013) used a vertex-wise approach to investigate the association of isolated mild ventriculomegaly (IMVM) with alterations in cortical folding. Significant deviations in mean curvature were only found in the anterior aspect of the parieto-occipital sulcus. On the contrary, in the current study, several cortical regions showed significantly lower values associated with INSVM in multiple folding measures (e.g., mean curvature, Gaussian curvature and curvedness). Our findings encompass the narrow area of the parieto-occipital sulcus that distinguished fetuses with IMVM from the normal cohort. Scott et al. (2013) analyzed folding alterations in fetuses with mild VM (i.e., atrial diameter of 10-12 mm) instead of INSVM that includes both mild and moderate VM. The inclusion of fetuses with larger lateral ventricular volumes in our cohort than the ones with IMVM may explain the additional regions with altered folding found in our study. Moreover, Scott et al. (2013) compared folding between 16 healthy controls and 16 IMVM fetuses, while our database is composed of 23 INSVM subjects and 25 controls.
According to sulcogenesis studies based on cortical surfaces (Habas et al., 2012; Clouchoux et al., 2012) , the parieto-occipital sulcus, separating the parietal and occipital lobes, undergoes significant changes starting from the 23rd GW. In the occipital lobe, significant changes in curvature are found in the calcarine sulcus and lingual gyrus around the 24th GW and continue until they are well formed around 28-29 GWs. This might have precluded finding folding differences in these areas between controls and cases in Scott et al. (2013) . The same occurs in the insula, for instance, where first significant folding changes are detected around 24-25 GWs. Between 22 and 25.5 GWs, the age range studied in Scott et al. (2013) , most primary sulci are still emerging, which may difficult the detection of cortical alterations. The GA of our cohort is one of the factors that allowed us to identify gyrification differences in more cortical areas than only in the parieto-occipital sulcus. In normal in utero brain development, the age range of 26-29 GWs of our cohort constitutes a period of cortical folding that occurs immediately before gyrification reaches its peak of growth rate around the 30th GW in all cortical regions (Wright et al., 2014) . By the end of this period, most primary gyri and sulci are formed in the developing brain.
Although folding differences in our work were analyzed at a regional scale, reduced folding in the aforementioned cortical regions hints to the existence of gyrification alterations that can be found in more localized areas confined within these regions.
Prognosis in INSVM fetuses
We know from several published studies assessing perinatal and long-term outcomes that the incidence of unfavorable neurodevelopmental outcome is low in INSVM fetuses, and even lower in mild than moderate VM (Gaglioti et al., 2005; Leitner et al., 2009; Griffiths et al., 2010) . Within isolated VM, ventricular size and progressive ventricular enlargement are the main factors showing association with adverse outcome and postnatal cerebral abnormalities not detected in utero (Kelly et al., 2001; Gilmore et al., 2008; Baffero et al., 2015 , Scala et al., 2017 . Neurodevelopmental impairment observed with postnatal assessment in fetuses diagnosed with INSVM include delays in cognitive, psychomotor and language skills (Leitner et al., 2009; Beeghly et al., 2010; Ouahba et al., 2006; Lyall et al., 2012) . Risk of attention-deficit/ hyperactivity disorder was also observed in children with prenatal nonsevere VM (Gilmore et al., 2001; Ball et al., 2013) . These functional deficits were also associated with abnormal cortical descriptors in a vast variety of disorders such as mental retardation (Zhang et al., 2010) , attention-deficit/hyperactivity disorder (Wolosin et al., 2009 ) and schizophrenia (Jou et al., 2005; Powell, 2010) . Fetuses with prenatally diagnosed INSVM showed larger cortical GM volume , which was also present in neonates along with alterations in WM (Gilmore et al., 2008; Lyall et al., 2012) . The usefulness of cortical folding in predicting adverse outcome of fetuses with INSVM remains speculative and is yet to be evidenced by longitudinal and follow-up studies. Nonetheless, cortical folding has proved to be a potential predictor in preterm neonates (Moeskops et al., 2015) , schizophrenia (Guo et al., 2015) and Alzheimer's disease (Cash et al., 2012) .
Fetal MRI grants the means to obtain more detailed information of the in utero brain. With the recent advancements on motion-correction and super-resolution techniques, fetal MRI is becoming an important neuroimaging modality that offers the possibility to use a wide variety of approaches to study malformations during in utero neurodevelopment. For INSVM, using fetal MRI for the search of novel prognostic biomarkers that are able to elucidate the neurodevelopmental outcome of fetuses with non-severely dilated ventricles is essential to identify fetuses at higher risk of neurodevelopmental deficits. Cortical regions with significant convolutional alterations found in this study constitute potential candidate biomarkers that must be assessed in future followup studies to validate their prognostic or predictive power in distinguishing between the two subgroups of INSVM fetuses (i.e., INSVM fetuses with favorable and adverse outcome).
Still, the association of VM with decreased cortical folding and its effects in postnatal neurodevelopment remain poorly understood. Moreover, drawing conclusions about the direct influences of VM on gyrification, with the possible exception of cortical areas surrounding the dilated ventricles, is not straightforward since the etiology of VM remains unknown (Kelly et al., 2001 ) and there may be other common hidden factors that cause both lateral ventricular dilation and decreasing gyrification.
Limitations and future work
One limitation of the current study is the large extension of the cortical regions identified to be related to INSVM. Although cortical folding alterations were found in the whole hemispheres, reduced cortical folding in these regions (e.g., occipital lobe) could be concentrated in more focalized areas. Therefore, in order to find such specific areas, a vertex-wise analysis needs to be conducted. Regarding the cohorts, the study group was composed of fetuses diagnosed with mild or moderate VM and no distinction was made to assess the alterations in gyrification associated with each subgroup. However, this may not be considered a limitation since we analyzed the correlation with lateral ventricular volume instead of atrial diameter. Furthermore, from the neurodevelopmental perspective, there is no consensus in the literature on the differences between mild and moderate VM. Another limitation is the gender distribution in our cohorts. Our dataset is composed of 25 healthy controls (14 males, 11 females) and 23 INSVM subjects (21 males, 2 females), as shown in Table 1 . This imbalance between groups (i.e., male overrepresentation in the INSVM cohort, with only 2 females) has precluded studying the effect of gender. A further limitation comes from the automatic tissue segmentation. Only 4 images were manually delineated and used as atlases to segment the remaining 44 brain MR images. This might have affected our analyses, specially in the anterior part of the parahippocampal gyri, where segmentation could be improved.
In the current study, although only curvature-based folding measures were analyzed, other measures related with cortical folding such as gyrification index (Zilles et al., 1988) and sulcal depth can be studied. Given the existence of cortical folding alterations associated with INSVM, cortical thickness constitutes another measurement worth investigating. Future work also involves testing all folding measures and cortical regions associated with INSVM with follow-up data, using neonatal images and other information such as neurodevelopmental test scores. This may serve to select, among all these candidate cortical regions, the ones with altered folding that might be used as biomarkers to identify the fetuses with INSVM that will have poor outcome.
Conclusions
In this work, we studied in utero gyrification in the presence of nonsevere ventricular enlargement. Our findings demonstrate a relationship of VM with reduced folding in several cortical regions, not only restricted to the parieto-occipital sulcus. Delving deeper into other in utero maturational processes that occur in the fetal brain, such as cortical folding, can shed light on other possible malformations that might lead to adverse neurodevelopment of INSVM fetuses. To the best of our knowledge, this is the first work to analyze INSVM-specific cortical folding alterations within the GA range of 26-29 weeks using 3D reconstructed fetal MRI.
